One contribution of 21 to a Theo Murphy meeting issue 'Cosmic-ray muography'.
Imaging subsurface rock formations or geological objects like oil and gas reservoirs, mineral deposits, cavities or even magmatic plumbing systems under active volcanoes has been for many years a major quest of geoscientists. Since these subsurface objects cannot be observed directly, different indirect methods have been developed. These methods are all based on variations of certain physical properties of the subsurface materials that can be detected from the ground surface or from boreholes. To determine the density distribution, a new imaging technique using cosmic-ray muon detectors deployed in a borehole has been developed and a first prototype of a borehole muon detector successfully tested. In addition to providing a static image of the subsurface density in three dimensions (or three-dimensional tomography), borehole muography can also inform on the variations of density with time, which recently became of major importance with the injection of large volumes of fluids, mainly water and CO 2 , in porous subsurface reservoirs (e.g. aquifer storage and recovery, wastewater disposal, enhanced oil recovery and carbon sequestration). This raises several concerns about the risk of leakage and the mechanical integrity of the reservoirs. Determining the field scale induced displacement of fluids by geophysical methods like muography is thus a priority.
This article is part of the Theo Murphy meeting issue 'Cosmic-ray muography'.
Introduction
The determination of the density distribution of material in the Earth's subsurface, and the evolution of density as a function of time, has the potential to provide a sensitive, cost-effective and precise monitoring technique to determine field-scale displacement of reservoir fluid induced by injection or production of liquids or gases. Geological carbon storage, natural gas storage, enhanced oil recovery, compressed air storage, aquifer storage and recovery, wastewater storage and oil and gas production are examples of application areas. It is thus crucial to monitor in quasi-real time the behaviour of these fluids, and several monitoring techniques can be used. They are all based on variations of certain physical properties of the subsurface materials that can be detected from the ground surface or from boreholes. Electrical resistivity, seismic wave's velocities and density are certainly the most used properties. Among them, those that track density changes in the subsurface are the most relevant. Indirect estimates of density distributions are currently performed by seismic reflection methods-since the velocity of seismic waves depends also on density-but they are expensive and discontinuous in time. To date, the only way to collect direct and quantitative density distribution information is to measure changes in the Earth's gravitational field, known as time-lapse gravity measurements, which has been used for more than 50 years. Substantial developments over the last decade in gravimeter technology, as well as the advent of a precise global positioning system (GPS), have led to improvements in differential microgravity measurements [1] ; however, this technique is limited in that it only provides discrete values of the gravity field anomaly that represent the integral of the density distribution, and it is by nature an underdetermined problem. Cosmic-ray muon tomography (or muography) can provide a complete and precise image of the density distribution in the subsurface due to the dependence of the loss of flux on the varying density through which the muons pass. This approach has the potential to become a direct, real-time and low-cost method for monitoring fluid displacement in subsurface reservoirs. Taking the example of geological carbon storage, such a method will allow monitoring the CO 2 concentration by watching for density changes over time as the CO 2 is injected and replaces brine. The muon detector for such an application needs to have sufficient angular resolution as well as high efficiency due to the low muon flux values at the depths at which CO 2 will be stored. The time scale for collecting a statistically significant number of muon events depends exponentially on depth, and linearly on the detector area. Signal to noise depends on the square root of the collection time. This means that a monitoring system for carbon sequestration requires a chain of many detectors (perhaps approx. 20) in a horizontal borehole beneath the site, and limits the use to depths less than approximately 1300 m. Data collection times will be days to weeks, but this is not a limitation since the changes in geology are on a longer time scale. Preliminary simulations indicate that the muon detection technique will have sufficient sensitivity to effectively map density variations caused by fluid displacement at great depths. For example, the progressive replacement of brine by CO 2 in a 20% porous reservoir at 900 m depth would be detectable over periods of weeks to months [2] .
The primary technical challenge preventing deployment of muon detection technology in the subsurface is the lack of miniaturized muon-tracking detectors capable of fitting in standard boreholes that will resist the harsh underground conditions for long periods of time. The development of a miniaturized muon-tracking detector deployed in a borehole is guided by strict requirements of size, ability to withstand an underground environment, data transmission rate limitations, background effects, as well as performance requirements. A typical borehole has a deployment diameter no larger than 17.8 cm (7 in.); hence, the detector, with all associated equipment, needs to be placed completely inside a stainless steel housing that does not exceed 17.8 cm (or less) in diameter.
The data transmission will occur through a cable connecting the detector to the surface. The cable will transmit power to the detector and transfer data from the detector to the surface. If multiple detectors are needed to increase the detection area, for example in a tether, this approach can sequence detectors together and recover all the data. The assembly must have the ability to withstand the harsh environments present in the borehole, including pressure, heat, water and corrosive chemicals.
Discrimination of background radiation impacts on the detector from gamma rays as well as alpha and beta particles will be important to reach the required statistical quality of the data. Using GEANT4 [3] , a software platform developed by CERN to simulate the passage of particles through matter, it was shown that the background gamma rays from typical natural sources present at the depth of interest would be completely mitigated by placing an energy threshold of approximately 150 keV on each muon event [2] . Beta and alpha particles were shown to be unable to penetrate the stainless steel housing or generate any coincidence events in the detector.
We have developed such a borehole muon detector (BMD) that meets the required criteria. The BMD development has substantially reduced the size of muon detectors, providing confidence that borehole-deployable systems are technically and economically feasible. Following successful tests in surface laboratories, the BMD was deployed in the Shallow Underground Laboratory of Pacific Northwest National Laboratory (PNNL) and in a tunnel at Los Alamos National Laboratory (LANL) where the data collected were compared to data collected by a large LANL muon detector instrument. The first results of this initial series of tests and benchmarking is presented here.
Prototype borehole muon detector
The design for the BMD to be used in deep boreholes to monitor muon flux and the angle of incidence is based on scintillating rods with fibre readout, pixelated silicon photomultipliers (SiPM) and integrated threshold and coincidence electronics. The BMD design is intended for a horizontal borehole positioned below the geological target to be monitored, with integrated electronics and data transmission to the surface for long-term monitoring applications. A prototype BMD is described in detail in [4] and was built with four layers of 1 cm square polystyrene scintillator rods coated with TiO 2 reflector as shown in figure 1 . The BMD has dimensions of 15 cm wide, 68 cm long and 8 cm high, designed to fit into a 17.8 cm (7 in.) borehole. Each rod includes a 2 mm diameter wavelength shifting fibre from Saint Gobain (Hiram, OH) glued in the centre of the rod, which leads to a SiPM to pick up the scintillation light generated as a result of a muon transit. Top to bottom, the layers are alternating rows in the x and y directions, providing an internal coordinate system. There are long rods (68 cm each) and short rods (15 cm each) in the BMD with the top pair and bottom pair of layers separated by 5.8 cm centre-to-centre. While the two long-rod layers were fully populated with 15 rods each, the two short-rod layers were only partially populated with 30 rods each (centred on the long rods), for a total of 90 rods. Background was rejected by requiring a fourfold coincidence between the layers (within a 140 ns coincidence window to produce a hardware trigger). The angle of the muon transit in the x and y directions can be computed by extrapolating between discrete rod hits by weighting the energy deposition in multiple rods. The angular resolution obtained with the BMD was approximately 3°, which is adequate for the intended application. The intrinsic efficiency of the detector is close to 100%, as validated with comparison to the known muon flux. Figure 2 shows the entire data acquisition assembly consisting of PC, electronics enclosure, JTAG USB, USB to RJ45 adapter, media converter, fibre optic cable, power cord and the BMD in a light-tight pelican case.
The core of the electronics readout system is the TARGETX digitizer chip or Application Specific Integrated Circuit (ASIC) [5] . This chip was designed at IDLAB and manufactured with a standard 250 nm CMOS fabrication process. The TARGETX digitizer is capable of digitizing 16 channels of data at 1 GSa s −1 each. It also includes circuitry for signal amplification, conditioning and programmable threshold discrimination used to form a global trigger. The gain of the detector does have some temperature dependence, which will be controlled in the next version of the detector. A muon deposits approximately 2 MeV in each scintillator rod. The first level hardware threshold was kept fairly low on the pulse height distribution to indicate the detection of a photon. Combined with the fourfold firmware threshold and coincidence requirement to reduce The data from the BMD are formatted into a standard file format to be analysed later by postprocessing scripts. Each event has a header line that contains the run number, event number, number of hits in that event and the time of the beginning of the event. Each event includes one line for each bar that is hit, and is described by the bar layer, axis, bar number (strip), Unix time of hit and charge deposited. This information provides the post-processing software with enough detail to recreate a muon track through the four layers as a vector in space.
Simulations
A model of the BMD was made and extensive stimulations were performed [2] to predict detector response and performance as well as background radiation discrimination. The Monte Carlo (MC) radiation transport code GEANT4 [3] was used for the simulations. The simulations were compared with experimental data for validation. Additional simulations were performed to determine the expected muon flux for two underground measurement locations. The simulation models were used to predict the muon flux at the PNNL Shallow Underground Laboratory and the TA41 tunnel at LANL. While two specific sites were used for this model, the procedure developed and described is adaptable to other sites. To ensure a realistic simulation, it was important to have a representative muon flux model. Muon angular and energy spectra change as the muons penetrate into the Earth. The initial energy and angular spectra were simulated using the CRY MC program [6] . CRY provides muon spectra and trajectories at the Earth's surface and includes latitude, altitude, and time of year as parameters. The CRY muon energy spectrum was validated against experimental measurements.
For the simulation of the TA41 tunnel, a software framework was developed to take topographical data from a high precision LIDAR scan with a 30.5 cm (1 ft.) grid spacing, and lower the resolution to a 10 m grid to be loaded into the GEANT4 model. This method also allows for localized tuning of the density. For this simulation, the overburden was assumed to be CaCO 3 rock with a density of 2.0 g cm −3 (the actual rock is silicate volcanic tuff). The GEANT4 simulation was used to produce a total flux plot at the bottom of the tunnel site. Data from these simulations were used to compare the experimental flux with the predicted flux at various positions in the tunnel.
Field test
The prototype BMD was taken to LANL (approx. 2230 m above sea level) to be tested in the TA-41 tunnel ( figure 3 ). Measurements were made in a laboratory building and then the detector was placed in the tunnel at five locations, as listed in table 1. The tunnel has an outer garage door and an inner entry doorway enclosing a vestibule. Distance measurements in the tunnel were made relative to the entry door. The table lists each BMD location, approximate depth below the surface at that point, rate of muon events estimated from the MC model and the measured rate, approximate measurement time, and total number of events obtained. At each location, the detector was rotated for equal durations with the 'positive' end of the detector towards the end of the tunnel and the 'negative' end towards the end of the tunnel.
The prototype BMD data obtained was compared to the simulation data in figure 4 , which shows the muon flux predicted by the simulations and the actual flux obtained with the prototype BMD. The average expected muon rate from the simulation was 2 .58 muon s −1 , while the average measured rate was 2 .85 muon s −1 (table 1) . This discrepancy of 9% which is not unexpected could have many causes. First it can come from the detector itself which could lead to a systematic bias, but it can also result from the choice of parameters used in the GEANT 4 modelling with two possible causes: a underestimation of the muon flux at the surface (seasonal variations in atmospheric downward flux for example) and the use of overestimated value for the density of the heterogeneous overburden as demonstrated with the increase of the discrepancy values with the thickness of overburden from the entrance of the tunnel to position 1. In addition to the BMD, data were also acquired at the TA41 Tunnel with the Mini Muon Tracker (MMT) a large muon detector built at LANL. MMT has 12 layers of drift tubes covering an area of about 1.2 m square [7] . Data were acquired with the MMT at the same locations used subsequently for the BMD.
Flux plots were produced on similar axes to provide a direct comparison between the BMD and MMT detectors. The primary differences between the two detectors are the large size and 100-degree acceptance angle of the MMT, as compared to the BMD, which has a high acceptance angle of 130 degrees in the minor axis, but a surface area only approximately 32 times smaller than the MMT providing significantly lower count rates. Figure 5 shows plots where the rates from the MMT were normalized by a factor of 15 to be directly comparable to the BMD plots. Location 1 was farthest into the tunnel, which was the deepest underground location. The 0, 2 and 3 locations are progressively more shallow locations (table 1) . Each plot shows a projection of the muon tracks obtained onto a plane 100 m above the detector surface (roughly the top of the cliff). Each dataset (table 1) .
is then normalized for exposure time and area. The results show obvious parallels between the detectors, but the plots produced using the MMT detector data have higher resolution due to at least an order of magnitude more counts at each location. Note that a complete inversion of these data leading to a three-dimensional density tomography of the tunnel overburden is presented in [8] .
Conclusion
The BMD, a muon-tracking detector designed for use in boreholes for applications such as monitoring CO 2 sequestration sites and that can be used in any other subsurface applications that require the detection of density contrast (fluid, voids, caves, tunnels, etc.), was developed and tested. The BMD was successful in detecting muons above ground, in the Shallow Underground Laboratory at PNNL and TA41 tunnel at LANL. Results from the BMD compare well with those from the larger LANL MMT detector, and demonstrate the feasibility of making angular measurements of overburden density at the precision required for subsurface applications. The next step will be to develop a complete instrument packaged into a stainless steel housing for actual testing in a borehole environment. The BMD will also require that the orientation be controlled carefully to optimize the cross-sectional area to the downward going muons observed in a horizontal borehole underground. A new design concept has been developed for this next generation muon detector. It will fit into a pressure vessel with an outside diameter of 15.25 cm (6 in.) and thus could be deployed in wells cased with 17.8 cm (7 in.) casings. Another significant improvement will come from the combination of seismic and muon observations [9] which can be valuable in estimating the density and elastic parameters. One related area is combining simultaneous muon imaging and differential gravity data for a tunnel to map three-dimensional density variations in the overburden. Anticipated future underground experiments will include all three independent data types-seismic, gravity and muon.
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